The polarity of sensory bristles on the thorax of Drosophila is linked to the orientation of the asymmetric cell divisions that partition cell fate determinants in this lineage. The orientation of these divisions is under the control of the Frizzled pathway that generates planar polarity in a number of cell types.
Cell polarization, and the related phenomenon of asymmetric cell division, are of great importance for the generation of diverse cell types that underlies the development of a complex multicellular organism. In recent years, considerable progress has been made in understanding the mechanisms that establish cell polarity and control asymmetric cell divisions in the embryonic neuroblasts of Drosophila. Recent studies have now focused on similar problems in the peripheral nervous system, and in particular have shed new light on the role of the Frizzled signaling pathway in this process.
Asymmetric divisions and cell fate decisions
Embryonic Drosophila neuroblasts delaminate from the epidermis and divide asymmetrically with their spindle oriented along the apical-basal axis. The large apical daughter retains neuroblast identity, whereas the small basal daughter becomes a ganglion mother cell. Several proteins involved in this cell fate determination have been identified, including Numb, Partner of Numb (Pon), Miranda, Prospero and Staufen [1, 2] . These proteins form a crescent at the basal cortex of the neuroblast [3] , which is partitioned into the basal daughter conferring the ganglion mother cell fate.
Another protein implicated in this process, Inscuteable, localizes to the apical cortex and is essential for orienting the asymmetric cell division and the basal position of the aforementioned crescent [4] . The Bazooka protein, which is localized apically and required for adherens junction formation and the maintenance of epithelial cell apical-basal polarity, binds to Inscutable and is essential for its apical localization [5, 6] . After mitosis, Numb in the basal cell antagonizes Notch signaling, reinforcing the asymmetry of the division [7, 8] . Prospero in the basal cell translocates to the nucleus and affects ganglion-mother-cell-specific transcription [9] [10] [11] .
The adult epidermis of Drosophila is decorated with large numbers of sensory bristles. On the notum are rows of posteriorly pointing small bristles, known as microchaetae, and a set of uniquely positioned macrochaetae (Figure 1a) . The development of these sensory organs involves a primary cell, pI, which divides to give daughter cells, pIIa and pIIb. The pIIa cell divides to give rise to a shaft cell and a socket cell, both external cells of the sensory organ. The pIIb cell divides to produce a glial cell and a pIIIb cell, which undergoes a further division that produces a neuron and a sheath cell; these are all internal cells of the sensory organ (Figure 2a-d) [12] .
The division of the pI cell is oriented with the mitotic spindle parallel to the anterior-posterior axis of the animal and in the plane of the epidermis. As is the case in the asymmetric divisions of the embryonic neuroblasts, the Numb and Pon proteins play key roles. Numb and Pon are localized in a crescent along the anterior cell cortex and segregate into the pIIb cell, where they are needed to specify the internal cell fates. Once partitioned, the action of Numb on Notch signaling again serves to reinforce the differences between the cells [1] .
The posterior polarity of the thoracic sensory bristles is under the control of the Frizzled pathway, and mutations affecting components of this pathway result in bristles with altered polarity. Previous work has shown that the orientation of the pI spindle is randomized in frizzled and flamingo (also known as starry night) mutant pupae [13, 14] . In two recent studies [15, 16] , in vivo imaging of green fluorescent protein (GFP) fusion proteins was used to study the divisions of the bristle organ lineage and the role in this of the frizzled gene.
These studies showed that the pI division is unequal, with the posterior pIIa cell being slightly larger than the anterior pIIb cell [15, 16] . The pI cell spindle is oriented along the anterior-posterior axis and centered on the anterior Numb/Pon crescent. Both groups visualized centrosomes and the spindle in the dividing pI cell in vivo using a tau-GFP fusion protein. When first detected, the duplicated centrosomes were seen to be located randomly around the nucleus. As they separated, the two centrosomes migrated symmetrically around the nucleus, resulting in a randomly oriented centrosomal axis. The centrosomal axis began to rotate randomly around the nucleus prior to spindle formation. When the spindle formed, rotation continued and almost invariably resulted in the spindle aligning along the anterior-posterior axis of the thorax, centered over the Pon/Numb crescent.
The subsequent cell division led to the segregation of both Numb and Pon to the anterior pIIb daughter. During anaphase, the cortex overlying the posterior centromere pulled away from the centrosome, while the anterior cortex and centrosome remained tightly associated. This results in the production of daughter cells of different sizes, the anterior daughter being slightly smaller than the posterior daughter. The rotation of the spindle prior to adopting the correct orientation is reminiscent of what is seen in Drosophila embryonic neuroblasts and in the early Caenorhabditis elegans embryo [1] .
Frizzled regulation of asymmetric divisions
Both groups then turned their attention to the role of the receptor protein Frizzled in regulating the orientation of this division [15, 16] . The first observation was that the centrosomal axis rotation prior to spindle formation in wild-type cells does not occur in frizzled mutants. Rotation was seen after the spindle had formed, but at anaphase the spindle was randomly oriented. The authors concluded that Frizzled is not required for spindle rotation per se, but that it appears to regulate the rotation. An additional aspect of the frizzled phenotype was the presence, at a low frequency, of cells in which the centrosomal axis initially rotated in one direction, and later moved in the opposite direction. This 'bidirectional' rotation was not seen in wild-type cells [15] . Pon and Numb accumulated in a crescent in early prophase in frizzled cells, but the crescent was oriented randomly with respect to body axis and appeared to shift position over time. In most, but not all, cells the mitotic spindle was still centered over the crescent, and Pon/Numb segregated into only one of the two daughters.
Bellaiche et al. [15] observed that, in 22% of cells, both daughters inherited some Pon. This defect in Pon/Numb partitioning would be expected to result in cell fate transformations and, indeed, the authors found that 5% of frizzled flies have at least one bristle with two shafts and sockets. This is substantially less than the frequency of Pon/Numb mis-segregation, so additional mechanisms, perhaps Notch/Delta-based, must be working to reduce cell-fate abnormalities. In contrast, Roegiers et al. [16] reported that, at telophase, the bulk of the Pon-GFP was segregated into one of the two daughter cells, and they did not see any cell-fate transformations [16] . How significant these differences are remains to be determined. Roegiers et al. [16] also reported on the subsequent divisions in the bristle lineage. Interestingly, the pIIb and pIIIb divisions resembled neuroblast divisions, as they were oriented along the apical-basal axis, and the pIIa division resembled the pI division in being in the plane of the epithelium [16] . These divisions were not altered in frizzled mutants.
How might Frizzled function?
Frizzled proteins are transmembrane receptors that recognize ligands of the Wnt family. In the Drosophila planar-polarity pathway, Frizzled acts through a noncanonical Wnt signal transduction pathway; the ligand recognized by the Frizzled protein in this context is not known. Frizzled mutations cause randomization of spindle orientation and of the location of the Numb/Pon crescent, resulting in abnormal bristle polarity [14] . This indicates that Frizzled is not essential for spindle or crescent formation, but rather that it provides an orientation cue. This is consistent with Frizzled functioning in orienting the hairs on the wing and ommatidia on the eye [17] .
One model is that the Frizzled pathway polarizes all cells across a tissue, leading to a consistent cortical mark at the anterior/proximal or posterior/distal side of the cells. An elegant new paper from David Strutt [18] reports that Frizzled itself is part of the mark in the wing, where a Frizzled-GFP fusion protein has been found to localize to the distal cell edge. For the pI cell, such a cortical mark could position the Numb/Pon crescent and capture the spindle. In wing cells, this leads to hair initiation being restricted to the distal most part of the cells. It has been suggested that genes such as dishevelled and flamingo, which act cell autonomously, encode a core group of Frizzled pathway components that function to establish planar polarity in all regions and cell types [17] . Strutt's new work on Frizzled localization in wing cells [18] shows that the non-autonomous function of frizzled [19] does not involve asymmetric distribution of Frizzled, while the cell autonomous function does [19] .
In pupal wing cells prior to hair formation, Flamingo protein becomes localized at the distal and proximal cell cortex [20] . This restricted localization of Flamingo is frizzled and dishevelled dependent, and is thought to be part of the mechanism by which Flamingo functions downstream of Frizzled in planar polarity [20] . Flamingo, however, is localized evenly across the pI cell cortex [14] , suggesting that it has non-equivalent functions in wing and pI cells (Figure 3) . This raises the possibility that this will be true for other genes that act cell-autonomously in the Frizzled pathway, such as dishevelled. If this were the case, we would argue these genes are not part of a common mechanism involved in the general polarization of cells. Rather, they would be involved in the specific readout mechanisms that lead to polarized hairs and cell divisions in the bristle lineage.
This system highlights the complex nature of utilizing asymmetric divisions to determine cell fate and polarity.
In the bristle organ lineage, we find two different mechanisms for polarizing cells prior to division. The planar pI division is Frizzled-dependent, while the apical-basal pIIb division -and neuroblast division -is Inscuteable/Bazooka-dependent. There is the distinct possibility that a third mechanism exists, as the planar pIIa division appears to be independent of both Frizzled/Flamingo and Inscuteable/Bazooka [12] .
